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Introduction
The Mycobacterium genus comprises more than 160 species (http://www.bacterio.net/mycobacterium.html), among them are notable human pathogens, such as Mycobacterium tuberculosis and Mycobacterium leprae, and ubiquitous mycobacteria known collectively as nontuberculous mycobacteria (NTM) [1] .
As the incidence of tuberculosis declines in industrialized countries, e.g., USA, NTM infections gained relevance, although accurate data on incidence is missing since case reports are not mandatory [1] [2] [3] [4] . Human infection with NTM became relevant with the emergence of the AIDS pandemic [5, 6] being currently recognized as a cause of pulmonary and extra-pulmonary infection in humans. NTM infection follows exposure to environmental bacteria rather than human-to-human transmission; as such, there are large geographic differences in terms of species incidence. For example, in immunocompetent individuals, infections caused by Mycobacterium kansasii are the most prevalent in England and Wales, whilst in Scotland and northern European countries Mycobacterium malmoense takes the lead [3, 7, 8] .
The members of the Mycobacterium genus are genetically closer to each other than the microorganisms belonging to other genera making identification a difficult and challenging task [9] . Nevertheless, identification at the species level is important for several reasons. First of all because management, treatment and infection control measures differ dramatically between M. tuberculosis and NTM infections [10] . Within NTM it is important to distinguish between sample contaminants and human pathogens. For the last group, it is crucial to discriminate the species in order to initiate an adequate antibacterial therapy [5, [11] [12] [13] .
The conventional biochemical identification methods may be misleading due to phenotypic variations of species, nonstandardized test conditions and their being time-consuming [14] .
Recent advances in molecular sequencing of conserved genes (16S rRNA, hsp65, rpoB and the 16S-23S internal transcribed spacer region) brought faster diagnosis. The generalized use of these methodologies also rendered the discovery of new species and the taxonomic reclassification of others increasing the number of NTM species [4] . These methods are dependent on databases. There are currently several web-based public databases for bacterial identification based on 16S rRNA and hsp65 gene sequences [2, 15, 16] . Despite the advances in 16S rRNA and hsp65 gene databases, their performance rarely has been evaluated or compared [2, 17] .
This study took advantage of sequencing technology to identify NTM based on two highly conserved genes encoding for 16S rRNA (gold standard) and hsp65. The aim of this study was to evaluate and to compare the performance of public databases in order to establish an algorithm for the accurate identification, at the species level, of clinically relevant NTM.
Material and methods

Bacterial isolates
In the current study 22 [18] . The PCR for sequencing was performed with the primers described above. The amplification products were purified using the Jetquick kit (Genomed GmbH, Lö hne, Germany) according to the manufacturer's instructions and sequenced. The obtained sequences for 16S rRNA gene were analysed using BioEdit Sequence Alignment Editor 7.0.9. Software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and compared with known sequences in the GenBank (http://www. ncbi.nlm.nih.gov), EzTaxon-e (http://eztaxon-e.ezbiocloud. net/) and RIDOM: Ribosomal Differentiation of Medical Microorganisms Database (RIDOM) (http://rdna.ridom.de/) using the BLAST algorithm (http://blast.ncbi.nlm.nih.gov/ Blast.cgi). For hsp65 the obtained sequences were compared with those present in GenBank, Web-Accessible Database of hsp65 Sequences from Mycobacterium Reference Strains (Web-Accessible Database) (http://msis.mycobacteria. info) and (hsp65)-BLAST Database (hsp65-BLAST) (http:// hsp65blast.phsa.ca/blast/blast.html).
Statistical analysis
The results obtained for the identification of the MNT from each database or combining two databases for each gene were classified in categories. In total 6 categories were established according to the presence/absence of the NTM specie considered correct: (1) Identified only the NTM specie considered correct; (2) Identified one or more species belonging to the same group/complex being the correct specie included; (3) Identified one or more non-related species being the correct specie included; (4) Identified one or more non-related species being the correct specie absent; (5) Identified one or more species belonging to the same group/complex being the correct specie absent; and (6) Not determined.
Relative frequencies were calculated for category 1, database or combination of databases and for each gene. McNemar test for paired data was used in order to compare the performance of databases or combination of databases for the first category. Cohen's Kappa was also calculated for the agreement between databases for all categories. To compare the results obtained from each gene and combination of two genes, only the databases identified with better performance in the first analysis were used. Two and three databases were used for the 16S rRNA gene and hsp65 gene, respectively. The results obtained were classified over two categories: Identified and not identified. Relative frequencies were calculated and McNemar test for paired data was used in order to compare the results.
Results
Sample characterization
During the period of the study (2008) (2009) ) 364 mycobacteria were identified by Accuprobe and/or GenoType combined with phenotypic characteristics. A total of 54 mycobacteria isolates identified either as NTM or Mycobacterium spp were selected for the present work (Table 1 ). The percentage of NTM isolated increased from 11.2% in 2008 to 20.7% in 2009. The data available in the collection records shows that 63% of the mycobacteria were isolated in specific media (e.g. Lowenstein-Jensen or Mycobacteria Growth Indicator Tube) before being sent for identification. In these cases the information about the nature of the clinical sample is missing.
The majority of the samples for which this data is available were isolated from respiratory samples such as sputum (26%) and bronchia secretions (2%); 7% of the NTM were isolated from hemoculture and 2% from skin biopsies.
In 42.6% (n = 23) of the cases, the NTM were not classified at the species level, as shown in Table 1 . Since this fact can hamper the correct diagnostics and treatment, it was decided to apply other molecular methods based on partial gene sequencing and evaluate their performance.
Molecular methods: partial 16S rRNA and hsp65 gene sequencing and analysis
Two genes, 16S rRNA and hsp65, were partially sequenced and analyzed using three public databases for each, being the first gene considered the gold standard. The identification was considered accurate when there were at least two identical results among the databases used and the phenotypic characteristics were concordant. If not, a second gene hsp65 was assayed using the same criteria.
An accurate identification was obtained for all the reference strains (n = 22) independently of the gene or database used.
The results obtained for NTM classification using 16S rRNA partial sequencing alone are shown in Table 2 . In all cases the sequence similarity ranged between 99% and 100%. GenBank allowed the classification of 75.9% (n = 41), followed by Eztaxon-e with 70.4% (n = 38) and RIDOM with 64.8% (n = 35) of the isolates.
The results obtained for five isolates using RIDOM were discordant from those obtained with the remaining databases. This was observed for M. arupense (E23, E36), M. 
M. marinum frederiksbergense (E33), M. kumamotonense (E11) and M. nebraskense (E22), which share the particularity of being NTM species identified after the last update of RIDOM database performed in 2005. The other discordant result was generated for E53, which was classified as M. intracellulare by GenBank and RIDOM and M. chimarae by the EzTaxon-e database. Next, it was decided to combine more than one database to identify the isolates. Unfortunately, this approach did not improve the NTM identification. The EzTaxon-e/RIDOM allowed the identification of 61.1% (n = 33), GenBank/RIDOM 68.5% (n = 37) and GenBank/EZTaxon-e 74.1% (n = 40) of the isolates. The best combination of databases allowed for the identification of one less isolate. The discordant result was generated for E53 which was classified M. intracellulare using the GenBank and RIDOM databases, and M. chimarae using the EzTaxon-e database ( Table 2) .
The McNemar test showed that this result was not significantly different from the results obtained by GenBank database alone (p = 0.3173). A value of 0.86 was obtained for Cohen's Kappa coefficient indicating a good agreement between these two databases.
The 16S rRNA gene was not discriminatory for the members of two complexes (MAC and M. fortuitum complex), and closely related mycobacteria, such as M. abscessus/M. chelonae and M. ulcerans/M. marinum.
In order to overcome this handicap, the partial sequencing of the hsp65 gene was performed and the results obtained by the three databases (GenBank, Web-Accessible Database and hsp65-BLAST) used are shown in Table 3 . A sequence match of 97% was considered as a correct identification [19] for all NTM except M. gordonae. In this case, a sequence match of 96% was adopted due to the high polymorphic nature of this specie [20] . The partial sequencing of the hsp65 gene rendered a better identification rate (88.9%, n = 48) with hsp65-BLAST database than 16S rRNA gene sequencing. The other databases used also generated better results with 85.2% and 81.5% identification frequencies for Web-Accessible Database and GenBank, respectively.
Hsp65 proved to be more discriminatory between the closely related mycobacteria species referred to above, but some problems persisted. Although the hsp65 gene discriminates between M. chelonae and M. abscessus, GenBank failed in its identification. The same occurred for M. pseudoshottsi and M. marinum for Web-Accessible Database. For one isolate, the results were inconclusive (E26).
The combination of GenBank either with Web-Accessible Database or hsp65-BLAST rendered the accurate identification of 88.9% (n = 48), while 87.0% (n = 47) was obtained for Web-Accessible Database/hsp65-BLAST. The combination of databases only improved the results obtained by the database with the worst performance (GenBank). In all cases, according to the McNemar test the results were not significantly different.
A good agreement according to Cohen's test was achieved for the comparison between the best database alone (hsp65-BLAST) and the two combinations (GenBank/hsp65-BLAST or Web-Accessible Database) with better performances (k P 0.68). The use of the two genes together improved the identification of NTM. For 16S rRNA, excluding the results of the obsolete RIDOM database, an accurate classification was obtained for 74.1% (n = 40) of the isolates. The hsp65 reached a score of 88.9% (n = 48) that was improved by the combination of the two genes (96.3%, n = 52). When using one gene alone for NMT identification, hsp65 showed a better performance than 16S rRNA. The difference is significant according to McNemar test (p = 0.008).
Nevertheless, the combination of the two genes improved their performance significantly when compared with 16S rRNA (p = 0.001) but not to hsp65 (p = 0.157).
Discussion
The introduction of molecular biology methods in mycobacteria identification, back in the 1990s, led to either the discovery or taxonomic reclassification of relevant human pathogens [9] . Commercially available kits -although effective in the identification of the most frequent clinical mycobacteria species -failed to identify rare and/or new species and are expensive [21] . In this context it is mandatory to find alternatives in order to achieve an accurate identification affordable for the majority of the laboratories.
To accomplish an accurate identification of NTM at the species level more than one gene must be used as a genetic marker [22] . Often the genotypic analysis must be complemented with the phenotypic analysis. This study took advantage of sequencing technology to identify mycobacteria based on two highly conserved genes (16S rRNA and hsp65) and of several public databases to perform the data analysis.
The 16S rRNA is universally used for bacteria identification; nevertheless, it has several limitations. Although being rare, in some cases (M. terrae and M. celatum complex), two copies of the 16S rRNA gene, with different sequences, can be found in the same mycobacteria [23, 24] . The analysis of the hsp65 gene, known as the single copy gene, can solve this issue. Another advantage over the 16S rRNA gene is the ability to differentiate between intimately related species, such as M. abscessus/M. chelonae, M. szulgai/M. malmoense and M. kansasii/M. gastri [25] . This differentiation is difficult to achieve by 16S rRNA analysis due to the small variation in the sequence [26] . Analysis of 16S rRNA sequences does not allow for distinguishing between the following MNT species: M. abscessus/M. chelonae; M. avium/M. intracellulare; M. peregrinum/M. septicum; M. kansasii/M. gastri and M. marinum/M. ulcerans [27] [28] [29] [30] . Despite all these advantages, hsp65 also has pitfalls. In the present work M. gordonae, whose heterogeneity has been genetically established [26] , raised several issues [18, 19, 31, 32] . The nucleotide sequences of hsp65 obtained for seven isolates (E4, E17-E19 and E28-E30) had 99-100% sequence homology between each other, but only 96% homology with M. gordonae ATCC 14470. A similar problem has been reported previously by McNabb and colleagues [19] . This author suggested a 97% similarity cut-off for hsp65 sequences for an accurate identification. Nevertheless, to achieve these standards, the group was forced to add extra sequences to the database. It was decided to use another approach accepting a 96% cut-off and complementing the hsp65 sequencing with PCR-restriction enzyme analysis, PRA-hsp65 ( [18] and Appendix: Table A1 PRA-hsp65). A ninety-six similarity percentage was achieved, in the Web-Accessible Database, for the seven isolates previously mentioned which share a common PRA pattern classified as type 3. The M. gordonae (E35), Fig. 1 -Flow chart for the identification of Mycobacterium species. The 16SRNA sequences were analyzed by GenBank and Ezotaxon databases. If a 99-100% sequence similarity is achieved and the phenotypic characteristics are concordant, the NTM is identified. Otherwise, hsp65 gene sequencing is performed using a similarity cut-off above 97%. If the NTM is not identified at the species level, other approaches, including gene sequencing and biochemical tests must be performed. Closely related mycobacteria were shown as follows: M. abscessus/M. chelonae; M. ulcerans/M. marinum; M. pseudoshottsi/M. marinum; M. fortuitum/M. neworleansense/M. porcinum and M. peregrinum /M. septicum.
which was erroneously identified as M. triplex by the same database, exhibited a PRA pattern of type 8. The remaining isolates, whose classification was unambiguous in all databases (>97%) belong to PRA pattern type 1 classification. Collectively, these data provide evidence to support the low sequence homology between M. gordonae isolates.
The databases used in the analysis also generate problems with different databases yielding different identifications for the same sequence. Another issue, particularly relevant for new species, was the lack of database updates. This was especially evident for GenBank and RIDOM databases [33] .
According to Tortoli's description, genetic databases can be categorized in two major groups: controlled and uncontrolled [33] . In this study both categories were used. GenBank represents the first group, while the remaining (RIDOM, EzTaxon-e and Web-Accessible Database) are members of the second group. Sequences submitted to GenBank lack validation both in terms of sequence quality and updatedness of mycobacteria taxonomic classification. Among the deficiencies found, the existence of ''species'' with unvalidated labels, misclassified species and incomplete classifications to the genus level [22, 32, 33] were highlighted in this study. The lack of control over the sequences submitted to this database allowed for identical sequences to yield different percentages of similarity. A major problem arising from this is that low quality sequences could generate perfect identifications which will be accepted if the analyst is not familiarized with the problem.
Additionally, this database holds a huge number of flawed sequences, which can lead to identification errors, because even if the sequences are correct, the highest score may be attributed to a sequence with 99% similarity if the size of the submitted fragment is bigger [22] .
On the other hand, the controlled databases include excellent quality sequences which are correctly characterized but with a limited scope. Their application is hampered by the lack of sequence updates (RIDOM), and by the exclusion of sequences that do not belong to reference strains (WebAccessible Database).
Conclusion
In conclusion, the workflow presented in Fig. 1 is suggested to achieve an accurate identification of NTM. The first gene to be analysed is 16S rRNA since it is the gold standard and has shown a superior performance in the identification of the most frequent NTM (MAC and M. gordonae) both in this sample and in Western European settings [3] . Since the rapid-growing Mycobacterium species (M. abscessus, M. chelonae and M. fortuitum) are the third most frequent in these settings and the first two species are hardly identified by this gene, the use of hsp65 is suggested. In parallel it is recommended that phenotypic tests (growth rate, pigment production, etc.) be used to complement the analysis.
When this two step approach did not render an accurate identification, the sequencing of additional genetic markers (e.g. rpoB) can improve the results. Another option is the use of the PRA-hsp65 gene. This approach is particularly useful for polymorphic mycobacteria such as M. gordonae and has the additional advantage of being an affordable technique.
